Abstract. We observe, using electronic two-dimensional photon echo spectroscopy, that the cis and trans potential energy surfaces of the ultrafast isomerization of retinal in bacteriorhodopsin are mixed via the hydrogen out of plane (HOOP) mode.
Introduction
The ultrafast isomerization reaction of retinal in bacteriorhodopsin (bR) is a model system for the primary events underlying our sense of vision. To better understand the role quantum dynamics plays in this process, we performed electronic two-dimensional photon echo (2DPE) spectroscopy on bR reconstituted in lipid nanodiscs. These lipid nanodiscs greatly reduce scattering in the sample, resulting in an enhancement of the signal to noise in our measurements by a factor of ∼ 10 over previous efforts with bR in native purple membranes [1] .
Experimental Methods
The electronic 2DPE spectrometer used for these measurements has been described in detail previously [2] . A noncollinear optical parametric amplifier (NOPA) with a central wavelength of 545 nm and a bandwidth supporting 10 fs optical pulses (see Fig. 1 ) was used to measure the 2DPE spectrum of bR trimers reconstituted in lipid nanodiscs [3] , with pulse energies of ∼ 5 nJ per beam. The sample (OD 0.25 in a 400 µm cuvette) was held at room temperature, rotated in the plane normal to the optic axis, and kept under constant illumination of a halogen lamp to keep the sample in the light adapted (all-trans) state. Two-dimensional spectra were collected for waiting times between 0 and 3 ps.
Results and Discussion
Select electronic 2DPE spectra (the total real signal) are shown in Fig. 2 , with waiting times indicated in the lower right corner of each frame. At T = 0 fs, where pulse overlap effects are pronounced, we observe a structured 2D spectrum consisting of a ∼ 1000 cm −1 vibrational mode (indicating a HOOP vibration [4] ) along the diagonal and negative amplitude signals off the diagonal, which are normally attributable to the instantaneous solvent and glass response. By 10 fs, where pulse overlap effects are a e-mail: dwayne.miller@mpsd.cfel.de This is an Open Access article distributed under the terms of the Creative Commons Attribution License 2.0, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. diminished, a pronounced cross peak is observed between the two on-diagonal features, while the large negative amplitude component below the diagonal has all but disappeared. The negative amplitude feature above the diagonal has, however, grown in volume, strongly implying it is not merely a pulse-overlap effect. This component is observed to have its maximal spectral amplitude at the 13-cis absorption maxima, and is fully correlated with the on-diagonal HOOP oscillation. At 25 fs, the wave packet on the excited state surface is quickly red-shifting (as was observed in transient-absorption measurements [5] ), resulting in a loss of negative amplitude signal and a broad, featureless 2D spectrum. Fig. 2 . Time series of the total real component of the 2DPE spectra of the isomerization of retinal in bR. Waiting times are indicated in each frame. At early waiting times (seen most clearly in the T = 10 fs spectrum) a large negative amplitude feature is observed which is not attributable to pulse overlap effects, and is in spectral concurrence with the known 13-cis absorption spectrum, which appears as a result of excitation at the HOOP feature.
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With the red-shifted wave packet outside of the spectral window set by the NOPA, we observe a strong ground state bleach signal which undergoes spectral diffusion. By a waiting time of 600 fs, we see a homogeneously broadened spectrum for the ground state bleach, with an asymmetry due only to the limited spectral bandwidth in the blue. We also observe a negative absorptive feature, now at the differential absorption maximum corresponding to bR's J intermediate, or the 13-cis isomer, as is observed in transient-absorption measurements. As the waiting time continues to increase, we observe a growing in of this J intermediate, and by 3 ps, the K intermediate has fully formed.
Conclusion
The strong correlation between the HOOP vibrational mode and a negative amplitude absorptive feature at such early waiting times implies a dynamic mixing of the potential energy surfaces associated with the all-trans and 13-cis retinal isomers at waiting times long before the 13-cis state is populated (by T = 600 fs). This coupling between states was not observed previously in transient-absorption spectroscopy, but recent theoretical calculations for the isomerization reaction in rhodopsin show that the HOOP mode is the crucial factor in determining the isomerization yield [6, 7] . This implies that the HOOP mode is indeed directly coupled to product formation, and is in good agreement with our observation of the characteristic 13-cis state absorption at the onset of the isomerization reaction in bR where the HOOP amplitude is at its largest.
